The aim of the present study was to identify the differentially expressed microRNAs (DEMs) between Lynch syndrome (LS) and the normal colonic (N-C) control samples, predict the target genes (TGs) and analyze the potential functions of the DEMs and TGs. The miRNA expression dataset GSE30454, which included data of 13 LS and 20 N-C tissue samples, was downloaded from the Gene Expression Omnibus. The classical t-test in Linear Models for Microarray Data package was used for DEM identification. TG prediction was performed using 5 databases. The regulatory network of the DEMs and their TGs was constructed using Cytoscape. Functional and pathway enrichment analysis was performed. The transcription factors (TFs), tumor-associated genes (TAG) and tumor suppressor genes (TSGs) were then identified. Three key DEMs hsa-miR-137, hsa-miR-520e, and hsa-miR-590-3p were identified. Hsa-miR-520e and hsa-miR-137 had 4 common TGs, including SNF related kinase, metal-regulatory transcription factor 1 (MTF1), round spermatid basic protein 1 and YTH N6-methyladenosine RNA binding protein 3; hsa-miR-590-3p and hsa-miR-137 had 14 common TGs, including NCK adaptor protein 1 (NCK1), EPH receptor A7, and stress-associated endoplasmic reticulum protein 1; hsa-miR-590-3p and hsa-miR-520e had 12 common TGs, including Krüppel-like factor (KLF) 13, twinfilin actin binding protein 1, and nuclear factor I B. Through the functional and pathway enrichments analysis, MTF1 was involved in regulation of gene expression and metabolic processes, and sequence-specific DNA binding TF activity. KLF13 was involved in regulation of gene expression and regulation of cellular metabolic processes. NCK1 was enriched in the axon guidance pathway. In addition, the functional and pathway enrichment analysis showed certain TGs, such as hypoxia-inducible factor 1α, AKT serine/threonine kinase 2, and rapamycin-insensitive companion of mammalian target of rapamycin, participated in the mTOR signaling pathway. The 3 key DEMs hsa-miR-137, hsa-miR-520e, and hsa-miR-590-3p may have important roles in the process of LS.
Introduction
Colorectal cancer (CRC) is one of the most common causes of cancer-associated mortality and is the second and third leading cause of cancer-associated mortality in Western countries and the USA, respectively (1, 2) . In 2014, ~137,000 individuals in the USA were diagnosed with CRC and ~50,000 patients succumbed to CRC. In addition, more than one-third of all CRC-associated mortalities (29% in men and 43% in women) occurred in individuals aged ≥80 years (1) . Lynch syndrome (LS), previously termed hereditary non-polyposis colorectal cancer (HNPCC), accounts for 3% of all CRCs and is caused by a germline mutation in one of the mismatch repair (MMR) genes mutL homolog 1 (MLH1), mutS homolog (MSH) 2, MSH6 and PMS1 homolog 2, mismatch repair system component (PMS2), and LS is the most common hereditary form of CRC (3) (4) (5) .
Numerous studies have been published since the first case of hereditary CRC was reported in 1861 (6) . Numerous microRNAs (miRNAs) and genes involved in the tumorigenesis of LS have been identified, such as miR-622, miR-1238 (3), insulin like growth factor 2 (7) , phosphatase and tensin homolog (PTEN) (8) , and PMS2 (4). In addition, certain cellular signaling pathways involved in the tumorigenesis of LS have been identified, including the AKT/mammalian target of rapamycin (mTOR) signaling pathways (8) , axon guidance (9) , and DNA repair pathways, such as the p53 pathway (10) . In LS, somatic mutations of PTEN, which results in the upregulation of the AKT pathway, have been found and intervention against AKT or towards downstream targets, such as mTOR, resulted in a decreased incidence of LS, suggesting that AKT may be an effective approach for the prevention of HNPCC in patients (8, 9) . However, the molecular mechanisms of LS remain to be elucidated.
In the study performed by Balaguer et al (3) , hsa-miR-622, hsa-miR-1238 and hsa-miR-192 were identified as differentially expressed miRNAs (DEMs) in LS, compared with the sporadic microsatellite instability. However, the signatures of the identified target genes (TGs) of DEMs were not analyzed. In order to study the regulatory mechanisms of LS, the microarray data deposited by Balaguer et al were downloaded to identify key DEMs and their TGs. In addition, functional and pathway enrichment analyses were performed for TGs.
Materials and methods
miRNA microarray data. miRNA expression microarray data of GSE30454 (3) was downloaded from the Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/), based on platform GPL8179 (Illumina Human v2 MicroRNA expression beadchip; Illumina Inc., San Diego, CA, USA). A total of 20 normal colonic tissue samples (N-C group) and 13 LS tumor samples, consisting of 4 with a germline mutation in MLH1, 5 with a germline mutation in MSH2, 3 with a germline mutation in MSH6 and 1 with EpCam deletion (LS group) were selected (3). The raw data and the probe annotation files were downloaded for further analysis.
Data preprocessing and identification of LS-associated
DEMs. Firstly, probe sets were mapped to the corresponding miRNAs. If there were multiple probe sets that corresponded to the same miRNA, the expression values of those probe sets were averaged. Then, the t-test method in the Linear Models for Microarray Data package of R (11) (limma version 3.22.7; www.bioconductor.org/packages/3.0/bioc/html/limma.html) was used to identify the DEMs between the N-C and LS groups. Next, the t-test P-value was adjusted to the false discovery rate (FDR) by the Benjamini-Hochberg procedure (12) . The cut-off criteria for DEMs were |log 2 fold change (FC) |>1 and FDR <0.01. Finally, the LS-associated DEMs were screened using the Human microRNA Disease Database (http://cmbi.bjmu.edu.cn/hmdd), which is a collection of experimentally supported human miRNA and disease associations (13) .
Predication of TGs. From the standpoint of high confidence, the TGs of the LS-associated DEMs were predicted using 5 databases, as follows: miRanda (14) ; MirTarget2 (15); PicTar (16) ; PITA (17); and TargetScan (18) . The intersections of the 5 databases were regarded as the final predicted TGs.
Functional and pathway enrichment analysis. Gene ontology (GO) analysis (http://www.geneontology.org/) is a functional method for the analysis of large-scale transcriptomic or genomic data (19) . The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (http://www.genome.jp/kegg/pathway.html) contains information on the mechanism of molecules or genes (20) . In order to investigate the biofunction of TGs in tumor progression, the Database for Annotation, Visualization and Integrated Discovery (DAVID; https://david.ncifcrf.gov/), a high-throughput and integrated data-mining environment (21) , was used to perform the GO functional and KEGG pathway enrichment analyses for the TGs, based on the hypergeometric distribution. P<0.01 was selected as the threshold.
I d e n t if i c a t i o n o f t ra n s c r i p t i o n f a c t o rs (T Fs)
, tumor-associated genes (TAGs) and tumor suppressor genes (TSGs) among TGs. The TRANSFAC database (http://www.gene-regulation.com/pub/databases.html) is a database of eukaryotic transcription-regulating DNA sequence elements and the TFs binding to and acting through these elements (22) . In order to determine whether the TGs had transcription regulation function, the TRANSFAC database was used to identify the TFs.
T he Tumor Associated Gene (TAG) database (http://www.binfo.ncku.edu.tw/TAG/) is a semi-automatic information retrieving engine that was built to collect specific information on TGs from various resources (23) . Additionally, Tumor Suppressor Gene (TSGene) database (http://bioinfo.mc.vanderbilt.edu/TSGene/) provides not only a comprehensive resource of TSGs for studies on cancer and to further experimental design, but also a comprehensive TSG catalog biology-based analyses of advanced systems (24) . In order to identify the functions of the TGs that may function during genesis of LS, the TSGene and TAG databases were used to perform the identification of TSGs and TAGs among the TGs, respectively.
Construction of regulatory network. DEMs with >100 TGs were considered as key DEMs. According to the regulatory associations between key DEMs and TGs, the regulatory network containing key DEMs and their TGs was constructed and visualized by Cytoscape 2.8.2 software (25) .
Statistical analysis. The t-test method in the Linear Models for Microarray Data package of R (limma, version 3.22.7)
was used for the DEM selection. The P-value is adjusted as the FDR, and the selection criteria were |log2 fold change (FC)|>1 and FDR <0.01. DAVID, based on the hypergeometric distribution, was used to perform GO and KEGG pathway enrichment analyses. P<0.01 was considered to indicate a statistically significant difference.
Results

DEM identification and TG predication.
A total of 159 DEMs were identified between the N-C and LS groups. There were 105 upregulated DEMs and 54 downregulated DEMs, of which only 13 DEMs were predicted to be associated with LS. Furthermore, 3 key DEMs were identified, including 2 upregulated miRNAs (hsa-miR-137 and hsa-miR-590-3p) and 1 downregulated miRNA (hsa-miR-520e). A total of 159 TGs for hsa-miR-137, including NCK adaptor protein 1 (NCK1), AKT serine/threonine kinase 2 (AKT2), Krüppel-like factor (KLF) 4, metal-responsive transcription factor 1 (MTF1) and zinc finger protein (ZNF) 217, 273 TGs for hsa-miR-590-3p, including NCK1, hypoxia-inducible factor 1α (HIF1A), KLF13, nuclear factor I B (NFIB) and ZNF800 and 132 TGs for hsa-miR-520e, such as KLF13, NFIB, MTF1, ZNF800 and rapamycin-insensitive companion of mTOR (RICTOR), were identified. Functional and pathway enrichment analysis. Through the GO functional enrichment analysis of biological processes, certain TGs, including NCK1, HIF1A, MTF1, KLF13, KLF4 and AKT2, were found to be involved in the regulation of gene expression (P<0.001). Certain TGs, including NCK1, MTF1, KLF4, KLF13, HIF1A, AKT2 and RICTOR, were involved in the regulation of macromolecule metabolic processes (P<0.001) and the regulation of primary metabolic processes (P<0.001) (Table I) . Through the GO functional enrichment analysis of cellular components, certain TGs, including MTF1, KLF13, NCK1, HIF1A and AKT2, were found to be enriched in the nucleus (P<0.001). Certain TGs, including HIF1A, MTF1, KLF4, KLF13 and ZNF800, were enriched in intracellular membrane-bound organelles (P<0.001); certain TGs, including MTF1, KLF13, NCK1, HIF1A and ZNF800, were enriched in membrane-bound organelles (P<0.001) (Table I) .
Through the GO functional enrichment analysis of molecular function, certain TGs, such as MTF1, KLF4, KLF13, HIF1A, ZNF800, and cancer susceptibility candidate 3 (CASC3), were involved in nucleic acid binding (P<0.001). In addition, certain TGs, such as MTF1, KLF4, TEA domain transcription factor 1 (TEAD1), zinc finger protein 148, and HIF1A, were involved in nucleic acid binding TF activity (P<0.001). Certain TGs, such as MTF1, KLF4, KLF13, HIF1A, AKT2 and ZNF800, were involved in heterocyclic compound binding (P<0.001) (Table I) .
According to the KEGG pathway enrichment analysis, TGs were significantly enriched in 3 pathways: mTOR signaling pathway, including RICTOR, HIF1A and AKT2 (P=0.001); RNA transport, including eukaryotic translation initiation factor (EIF) 3 subunit E, CASC3 and EIF3J (P= 0.008); and axon guidance, including NCK1, FYN proto-oncogene, Src family tyrosine kinase (FYN) and EPH receptor A7 (EPHA7) (P=0.010) (Table II) .
Identification of TFs, TSGs and TAGs.
A total of 12 TGs, consisting of TEAD1, ZNF146, high mobility group AT-hook 2 (HMGA2), FYN, v-crk avian sarcoma virus CT10 oncogene homolog-like, receptor-like tyrosine kinase, ZNF217, KIT proto-oncogene receptor tyrosine kinase, AKT2, chromosome segregation 1 like, interferon regulatory factor 2 and B-cell CLL/lymphoma 6 (BCL6), were identified as oncogenes, according to the TSGene database and TAG database. Among these identified oncogenes, 4 genes, consisting of TEAD1, ZNF146, HMGA2 and BCL6, were identified as TFs based on the TRANSFAC database.
Regulatory network construction. The visualized regulatory network of the key DEMs and the TGs of these DEMs showed that hsa-miR-520e and hsa-miR-137 had 4 common TGs, consisting of SNF related kinase (SNRK), MTF1, round spermatid basic protein 1 (RSBN1) and YTH N6-methyladenosine RNA binding protein 3 (YTHDF3), hsa-miR-590-3p and hsa-miR-137 had 14 common TGs, including NCK1, EPHA7, stress-associated endoplasmic reticulum protein 1 (SERP1) and myocyte enhancer factor 2A (MEF2A), and hsa-miR-590-3p and hsa-miR-520e had 12 common TGs, including KLF13, twinfilin actin binding protein 1 (TWF1), NFIB and ZNF800 (Fig. 1) .
Discussion
In the current study, 2 upregulated miRNAs, consisting of hsa-miR-137 and hsa-miR-590-3p, and 1 downregulated miRNA, hsa-miR-520e, were screened as key DEMs. Hsa-miR-520e and hsa-miR-137 had 4 common TGs, consisting of SNRK, MTF1, RSBN1 and YTHDF3. Through functional enrichment analysis, MTF1 was identified as involved in the regulation of gene expression and macromolecule metabolic processes, intracellular membrane-bound organelles, and sequence-specific DNA binding TF activity. As previously reported, MTF1 binds specifically to heavy metal-responsive DNA sequence elements in the enhancer/promoter region of metallothionein (MT) genes to regulate their expression (26, 27) . MT genes, such as MT1X and MT2A, encode small cysteine-rich proteins that scavenge heavy metals, such as Zn (II), Cd (II) and Cu (I), and reactive oxygen species (28, 29) . Arriaga et al (30) found that the expression of 5 isoforms of MTs, consisting of MT1G, MT1E, MT1F, MT1H and MT1M, were lost during the transition between normal colorectal mucosa and CRC, and the expression of MTs was associated with a shorter survival time in CRC patients (30) . In addition, the MT1X gene showed a high sensitivity for the identification of patients with LS or CRC with sporadic defective in MMR (31) . This suggests that hsa-miR-520e and hsa-miR-137 may have crucial roles in LS by regulating TGs. mTOR, mammalian target of rapamycin; CAB39, calcium binding protein 39; RICTOR, rapamycin-insensitive companion of mammalian target of rapamycin; HIF1A, hypoxia-inducible factor 1α; AKT2, AKT serine/threonine kinase 2; RPS6KA3, ribosomal protein S6 kinase A3; ULK1, unc-51 like autophagy activating kinase 1; PAIP1, poly(A) binding protein interacting protein 1; EIF, eukaryotic translation initiation factor; PABPC1, poly(A) binding protein cytoplasmic 1; CASC3, cancer susceptibility candidate 3; NXT2, nuclear transport factor 2 like export factor 2; RANBP2, RAN binding protein 2; NCK1, NCK adaptor protein 1; FYN, FYN proto-oncogene, Src family tyrosine kinase; EPHA7, EPH receptor A7; SEMA, semaphorin; PAK7, p21 (RAC1) activated kinase 7; PPP3R1, protein phosphatase 3 regulatory subunit B, α; CFL2, cofilin 2.
In the present study, hsa-miR-590-3p and hsa-miR-520e had 12 common TGs, including KLF13, TWF1, NFIB and ZNF800, while KLF4 was the TG of hsa-miR-137. Using functional enrichment analysis, KLF4 and KLF13 were identified as involved in the regulation of gene expression, heterocyclic compound binding, and regulation of the cellular metabolic process. LOR-253, a compound that stimulates KLF4 through the inhibition of the human MTF1, is currently used in an early stage of colon cancer (32) . The KLF proteins are zinc finger-containing TFs that exert important functions in regulating diverse biological processes, such as growth and cell proliferation (33) . KLF4, formerly termed GKLF, encodes a TF associated with tumor suppression and oncogenesis (34) . In LS, KLF4 and KLF5 were expressed and predominantly localized to the epithelial cells of the tumors (35) . Overexpression of KLF4 in the colon cancer cell lines resulted in reduced tumorigenesis (36) . Additionally, a previous study reported that the loss of heterozygosity in the KLF6 locus in patients with sporadic CRC and LS was 0-35% and 0%, respectively (37) . These data suggested that loss of heterozygosity of the KLF6 locus was rarely involved in the carcinogenesis of CRC in patients with LS (38) . This revealed that hsa-miR-590-3p and hsa-miR-520e, in addition to hsa-miR-137, may have important roles in the cellular metabolic process and proliferation in LS by targeting their TGs.
Additionally, the common TGs, including NCK1, EPHA7, SERP1 and MEF2A, were simultaneously regulated by hsa-miR-590-3p and hsa-miR-137. The enrichment analysis showed that NCK1 was significantly enriched in the axon guidance pathway. As previously reported, AKT executes double roles in protecting motoneuronal survival and promoting nerve regeneration in vivo, and the dominant overexpression of AKT in adult hypoglossal neurons showed accelerated axonal regeneration (39) . However, the phosphorylation of AKT was partially reduced in NCK1-deficient B cells, and it was almost completely absent in NCK1-NCK2-deficient B cells. This revealed that the activation of the phosphoinositide 3-kinase (PI3K)/AKT pathway was restrained in the NCK1-NCK2-knockout B cells (40) . Furthermore, ectopic expression of hsa-miR-137 in CRC cells inhibited the phosphorylation of mitogen-activated protein kinase (MAPK) and AKT, which reduced the invasiveness of CRC cells by inhibiting signaling via the P13K/AKT and MAPK pathways (41) . Hsa-miR-590-3p was also found to activate the PI3K/AKT signaling pathway by downregulating PTEN, a TSG-activated P13K pathway, and then provide strong growth and survival signals to tumor cells (42) . Thus, these results suggested that hsa-miR-590-3p and hsa-miR-137 may play important roles in LS by regulating their target genes through the axon guidance pathway.
The functional and pathway enrichment analyses showed that certain TGs of the key DEMs, including HIF1A, AKT2 and RICTOR, participated in the mTOR signaling pathway. mTOR is a member of the PI3K/AKT/mTOR pathway, whose activation stimulates protein and lipid biosynthesis and it is constitutively activated in LS (43) . The mTOR signaling pathway senses and integrates a variety of environmental cues to regulate numerous major cellular processes (44, 45) . As previously shown, the mTOR complex 2 protein RICTOR was highly overexpressed in CRC tissues, and the inhibition of RICTOR resulted in growth inhibition and induced apoptosis in CRCs (46, 47) . Additionally, AKT2, a component of the PI3K/AKT/mTOR pathway, is proposed as an oncogene for pancreatic cancer that always occurs in the context of LS (48) , and the overexpression of the AKT2 proto-oncogene is an early event during sporadic colon cancer (47, 49) . In addition, mTOR directly stimulated HIF1A, downstream of PI3K/AKT/mTOR, and indirectly causes other metabolic changes by activating HIF1A (50, 51) . The subsequent HIF1-dependent metabolic changes are a major determinant of the glycolytic phenotype, including the Warburg effect (50, 51) . The Warburg effect in CRC results in the accumulation of a glycolytic metabolite, pyruvate, which provides the CRC cells with an environment that is a competitive advantage for invasion (52) . Overexpression of HIF1A has also been reported to be significantly associated with shorter CRC-specific survival and overall survival times (53) . In the present study, AKT2 was a TG of hsa-miR-137, while RICTOR and HIF1A were TGs of hsa-miR-590-3p. All these genes were enriched in the regulation of the metabolic process. Therefore, it may be hypothesized that the important roles of hsa-miR-137 and hsa-miR-590-3p in regulating metabolic process occur by regulating the expression of their TGs in LS.
In the present study, 3 key DEMs, consisting of hsa-miR-520e, hsa-miR-590-3p and hsa-miR-137 were identified. Hsa-miR-590-3p and hsa-miR-520e had 12 common TGs, including KLF13. Hsa-miR-590-3p and hsa-miR-137 had 14 common TGs, including NCK1. Hsa-miR-520e and hsa-miR-137 had 4 common TGs, including MTF1. Functional and pathway enrichment analysis showed that these TGs were significantly enriched in important functions, such as the regulation of metabolic processes, including regulation of macromolecule metabolic process, regulation of primary metabolic process, regulation of cellular metabolic process and cellular macromolecule metabolic process, mTOR signaling, and the axon guidance pathway, which were crucial for the growth and regulation of LS cancer cells. The present study showed the potential crucial role of hsa-miR-520e, hsa-miR-590-3p and hsa-miR-137 in LS.
In conclusion, the present study identified that hsa-miR-137, hsa-miR-520e and hsa-miR-590-3p are key DEMs. Hsa-miR-520e and hsa-miR-137 had 4 common TGs, consisting of SNRK, MTF1, RSBN1 and YTHDF3. Hsa-miR-590-3p and hsa-miR-137 had 14 common TGs, including NCK1, EPHA7 and SERP1. Hsa-miR-590-3p and hsa-miR-520e had 12 common TGs, including KLF13, TWF1 and NFIB. These regulatory interactions may provide biomarkers for LS detection and prognosis.
